Literature data for visual pigment spectra are formally treated by assuming that the spectra consist of a summation of absorbance bands, that the shape of the bands is invariant according to the Mansfield-MacNichol transform and that this shape is described by simple exponential functions. A new template for constructing visual pigment spectra from peak wavelengths is derived.
INTRODUCTION
In vision research, the precise shape of the absorbance spectrum of a visual pigment is a recurrent question. In numerous optical and physiological studies, knowledge of the spectral shape has proved to be crucial (e.g. Wyszecki & Stiles, 1982) . Ideally, the shape of visual pigment spectra is predicted by theory, but so far, and probably for some time to go, only qualitative, heuristic methods are to our disposal. Here we review the different approaches attempted and compare their validity. We thus hope to provide useful tools for various branches of vision research.
History of visual pigment templates
On the basis of the absorbance spectra known at the time, Dartnall (1953) proposed that the normalized absorbance spectrum of any vitamin A,-based visual pigment, when plotted on a frequency scale, has a standard shape, independent of the absorbance peak wavelength, %,,,. The accordingly devised Dartnall nomogram, from which the complete spectrum could be derived for any given A,,,, has been widely used in predicting the peak wavelength together with the shape of a visual pigment spectrum, especially when only a limited set of experimental data was available.
The visual pigments, characterized since the early studies, have absorbance maxima ranging from the ultraviolet into the red. From this more recent work it followed that the Dartnall nomogram was only appropriate for visual pigments with a maximal absorbance at about 500 nm, i.e. in the blue-green. Visual pigments peaking in either the longer-or the shorter-wavelength range exhibited systematic deviations (e.g. Liebman, 1972) . Therefore, Ebrey and Honig (1977) constructed improved nomograms to be applied in three wavelength ranges, i.e. the short-, middle-and long-wavelength range, respectively, for both vitamin A,-and vitamin AI-based visual pigments. Subsequently, Metzler and Harris (1978) reported an analytical expression derived from the lognormal function (see Appendix), which well fitted experimental absorbance spectra. Dawis (198 1) approximated log absorbance curves with a polynomial expression (of the 8th degree), with different parameters for the three wavelength ranges.
An invariant shape was regained by Barlow (1982) by plotting the spectra as a function of 1'j4 -Ai:, . Tabulated data for constructing the absorbance spectrum of any A,-based visual pigment from A,,, using the Barlow transform can be found in Dartnall, Bowmaker and Mollon (1983) . An analytical expression based on the Barlow transform has been given by Maksimov (1988) .
An alternative invariant shape has been deduced by Mansfield (1985) and MacNichol (1986) . These authors showed that plotting the experimental spectra at a frequency scale relative to the peak frequency, i.e. f/fmsx = &,,,,/I., transforms both vitamin A,-and vitamin AZ-based visual pigments into a unique shape. This conclusion is supported by Bowmaker, Astell, Hunt and Mollon (1991) who confirmed MacNichol, Jones, Cornwall and Mansfield (1987) in that the Mansfield-MacNichol (MM) transform, compared to the Barlow transform (slightly) better approximates an invariant shape of experimentally measured absorbance spectra. The MM transform has an intrinsic elegance in that the spectral shape is also constant when plotted as a function of log wavelength, or, equivalently, as a function of log wavenumber. By shifting along a log wavelength scale, Schnapf, Kraft, Nunn and Baylor (1988) could simply demonstrate that the sensitivity
